AD-A186 489  UNITED STR‘I’ES MR FORCE RESEMC“ lll"ﬂ'l'lﬂ m
EPORTS. . (U) SOUTHERSTERN CENTER FOR

ELECTRICAL ENGINEERING EDUCRTION INC 5.. R N COURTER

UNCLASSIFIED MAY 86 AFOSR-TR-87-1720 F49620-82-C-9035 F/G 1374

----,,




—_—
—_—

16

—

14

22 1l
/




SCILEE

(TTATION PROGRAM

PN

L WV

][\Kw

Lo Wy

l\ll .é.zl,' u \\\,41 L 1\L_s \u;

NOUSTET 3y
1l SOGVHEASTIRNE CERTER o

P AN

,Uh\[ JL '\Ld\\: .Iuwu\ll\.)?!’

PR WAL 1 P

PRUSIAN 1R CTdR, 8o

R N

RIS S
FHOGIAM .nlns .l\, AU

((/I-'I.f,._. ._I'—\ ‘I.

oy




‘-. I

2

UNCLASSIFIED )
SECURITY CLASSIFICATION OF THIS PAGE

REPORT DOCUMENTATION PAGE

Forrr; Approved
OMB No. 0704-0188

1a. REPORT SECURITY CLASSIFICATION
UNCLASSIFIED

1b. RESTRICTIVE MARKINGS

22. SECURITY CLASSIFICATION AUTHORITY

3. DISTRIBUTION /AVAILABILITY OF REPORT

2b. DECLASSIFICATION / DOWNGRADING SCHEDULE

Approved for publie release;
distributjon unlimited.

4. PERFORMING ORGANIZATION REPORT NUMBER(S)

5. MONlTﬁRIHﬁ Ofwz.ATI% ?Cﬁﬂ’ turﬁ

6b. OFFICE SYMBOL
(if applicable)

6a. NAME OF PERFORMING ORGANIZATION

The Southeastern Center for
Electrical Engi

7a. NAME OF MONITORING ORGANIZATION
Air Force Office of Scientific Research/XOT

6¢. ADDRESS (City, State, and ZIP Code)
11th & Massachusetts Ave.

7b. ADDRESS (City, State, and ZIP Code)

Building 410
Bolling AFB, DC 20332

St. Cloud, Florida 32769
8a. NAME OF FUNDING /SPONSORING 8b. OFFICE SYMBOL
ORGANIZATION (if applicable)
AFOSR XOT

9. PROCUREMENT INSTRUMENT IDENTIFICATION NUMBER

F49620-82-C-0035

8c. ADDRESS (City, State, and ZIP Code)

Building 410
Bolling AFB, DC 20332

10. SOURCE OF FUNDING NUMBERS

PROGRAM PROJECT TASK WORK UNIT
ELEMENT NO. | NO. NO ACCESSION NO.
61102F 2301 D5

11. TITLE (Include Security Classification)

USAF Research Initiation Program - Volume 1

12. PERSONAL AUTHOR(S)
Prof. Warren D. Peele

13a. TYPE OF REPORT 13b. TIME COVERED
Interim FROM TO

14. DATE OF REPORT (Year, Month, Day) |15. PAGE COUNT

May 86

16. SUPPLEMENTARY NOTATION

17. COSATI CODES

FIELD GROULP SUB-GROUP

18. SUBJECT TERMS (Continue on reverse if necessary and identify by block number)

19. ABSTRACT (Continue on reverse if necessary and identify by block number)

(SEE REVERSE)

20 DISTRIBUTION / AVAILABILITY OF ABSTRACT

B UNCLASSIFIED/UNLIMITED [ SAME AS RPT ] OTIC USERS

21 ABSTRACT SECURITY CLASSIFICATION
UNCLASSIFIED

22a NAME OF RESPONSIBLE INDIVIDUAL
Amos Otis, Major, Program Manager

22b TELEPHONE (Include Area Code) | 22¢ OFFICE SYMBOL
(202) 767-4971 XOT

DD Form 1473, JUN 86

s '.' ' \ e AT

Previous editions are obsolete

--...“‘v

SECURITY CLASSIFICATION OF THIS PAGE

Wt T TN TN AR RS ~ SYCIROA YL SLRAN




IO T T DU TR T R R AT PO TR AT AT T A DRITRT P PR AN AN N AT AU A PN PR RN AN PP AP L S DS U e
INTRODUCTION-
Research Initiation Pro;:%’a}" 87-1730

For several years prior to 1983, AFOSR conducted a special follow-on
funding program for Summer Faculty Research Program (SFRP) participants; this
was popularly known as the AFOSR Minigrant Progranm. That program was
superceded in 1983 by the Research Initiation Program conducted by SCEEE.

To compete for a 1984 Research Initiation Program award, SFRP participants
must submit a complete proposal .and proposed budget either during or promptly
after their SFRP appointment periods. Awards to the 1984 participants may
extend through 15 December 1985.

Each proposal was evaluated for technical excellence, with special
emphasis on relevance to continuation of the SFRP effort, as determined by the
Air Force laboratory/center. The final selection of awards was the
responsibility of AFOSR.' :

«
The most effective proposals were those which were closely ooordinated
with the SFRP Effort Focal Point and which followed the SFRP effort with
proposed research having strong prospects for later sustained funding by the
Air Force laboratory/center.

The maximm award under the Research Initiation Program is $12,000 plus
cost-sharing up to a matching total amount.

The mechanies of applying for a Research Initiation Program award are as
follows:

. (1) Research Initiation Program proposals of $12,000 plus cost-sharing
; were to be submitted after August 1, 1984 but no later than

F{ November 1, 1984.

; (2) Proposals were evaluated and the final award decision was the
responsibility of AFOSR after consultation with the Air Force
| Laboratory/center.

(3) The total available funding limited the number of awards to
approximately half the number of 1984 SFRP participants.

(4) Subcontracts were negotiated with the employing institution,
designating the SFRP participant as Principal Investigator, with
the period of award having a start date no earlier than September
1, 1984 and a ocompletion date no later than December 15, 1985.

: Employing institutions were enocouraged to cost-share since the program was
* designed as a research initiation procedure. Budgets included, where
 applicable, Principal Investigator time, graduate assistant and support effort,
' equipment and expendable supplies, travel and per diem oosts, conference fees,
) indirect costs, and computer charges.

, Volumes I, II, III, and IV of the 1984 Research Init{ation Program Report
contain copies of reports on the 89 subcontract efforts awarded under this

progran. .
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AN ANALYTICAL STUDY OF
TWO-STAGE LIGHT GAS GUN PERFORMANCE
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PREFACE

The work presented in this report was initiated in the Summer of 1984
as part of a summer research program sponsored by the Southeastern Center
for Electrical Engineering Education and the United States Air Force.
Professor R. W. Courter and his graduate student, Raymond M. Patin, worked
with members of the technical staff at the Aeroballistics Branch of the
Armament Laboratory at Eglin AFB, Florida, to formulate the basic model.

The work was continued during the following year under subcontract to
SCEEE as part of Air Force Contract Number F49620-82-C-0035. During that
year the basic analysis was expanded and refined into a simple, but effec-
tive, simulation model of a two-stage light gas gun with deformable piston.
An interactive microprocessor-based computer program and a report describ-
ing the model were delivered to the Air Force Armament Laboratory in May of
1985. This work constitutes the major portion of the contract work and is
included as Part 1 of this present report.

One of the possible inconsistencies inherent in the Patin model is the
treatment of the pump tube flow as one dimensional, isentropic flow of an
ideal gas. The second part of this report addresses deviations from this
model. Graduate student Michael Champagne has worked to incorporate a
finite difference treatment of the pump tube flow to account for pressure
variations between pist;h and projectile which are not considered in the
Patin model and to include a real gas equation of state. Part 2 of the
present report documents this work. The complete work will appear in the

form of a thesis in May, 1986.
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PART 1: A Mathematical Model
of a Two-State Light Gas Gun
with a ueformable Piston

Raymond M. Patin
Robert W. Courter

ABSTRACT

A time-dependent model of the internal ballistics of a two-stage light
gas gun is derived which predicts internal pressures and the kinematics of
the piston and the projectile. The method of analysis used is to model
each of the four physical processes which occur separately and then to link
them together using the thermodynamic and kinematic relationships for the
gases involved. The interior ballistics model for the first stage of the
gun is based on a formulation developed by 0. K. Heiney. Piston and
projectile kinematics are determined from Newton's equation of motion, in
which firctional effects are included. The pressure-volume relationships
in the second (1ight gas) stage of the gun are assumed to be isentropic.
Piston extrusion effects in the transition section of the gun are accounted
for by including in the analysis an extrusion force which represents all of
the losses incurred as the piston extrudes. Comparisons of model perfor-
mance predictions with experimental data generated at Eglin AFB, Florida,
indicate that the model correlates well with the actual processes which
occur in the Tight gas gun. Additional work is suggested in defining the
pressure distribution between the piston face and the projectile base to
enable the model to match a wide range of experimental data.
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. INTRODOCTION

3allistic testing in an instrumented free-flight range

. . ; . - - . ’ J
A 1s an important part of the broad field of experimentsl AN
& aerodynamics. The flight conditions of the model being gRge
! --_‘:‘ _ut.; d
» tested are determined by the launcher being usec. It is A
: . . L o

4 important in ballistic testing, therefore, to have the oy
) capability of predicting the launcher performance so that a Egj:
TN

L

- . R et

test program can be planned. The planning of a test program e
R IAY
. .. C, - ot el

/ for models requires predictable muzzle velocitles to *:ﬁ
. provide the proper model flight regime, and knowledge of :)ﬁ:

4 . -._' [ ¥
3 o,
« . . . DR S

) acceleration profiles to ensure that fragile models will not RENC
: DA
be damaged. ::.r,_.}::

In the introduction, the topics to be covered are as AT
A

. . R | LR

follows: First, a few of the aspects of basic gun tneory ANy

‘-‘(\’4\;\

will be discussad. Then, some of the types of comprassad gas :'{;
launchers wiich 2xist will be described. This discussion 2o vl

will be followed Sy a detziled description of the two-3tage

R
'. .'

LA

¥

0,

light cas gun which is being modeled, along with the ~

-

-s2search objectives, and finally, the litsrature which was

usad in the course of this work will be reviewed.

1.1 BASIC GUN THEORY

i A gun may be defined as a mechanical device 1in which
the transfer of energy provides for the propulsion of

projectiles toward specified targets. Intarnal ballistics

F ot GRS e e N T e
":'-524-.' :'f::f:l‘::l‘"-'.'1.:5..-:-‘:._:.‘4'
VA rpp P DL

P L [RgS DAL R R
4% f'- Iy .’\ I:. I'} ,‘g"N g 'ﬁ,\‘,'v"-' "



is “he study of the processes which cczcur wighin the gun
systam, from %the point of ignition to the time the
prajectile leaves the barral of the gun. Througn an

analysis of the ince2rior ballistics of a gun system, one

[\
(4}

tempts to

'0

radict the gun performance. This entails

‘0

redictions of the projectile velocity, gas pressures, and
the kinetics involwved. The essential factors which dictate
the wvelocity of the projectile may be detsrmined by applving

Newton's second law to a projectile. A schematic diagram of

a drojectile during its travel down the barrel of a

BN

ba 2
X

conventional powder gun is shown in figure 1. In the

¢
1
-

application of Newton's law to the projectile, if frictional

"‘;r_"r
IR
forces and the air resistance ahead of the projectile are ~iads
1 ::"::1'.
neglectad, the projectile velocity may be determined to be ;ﬁ{-
eI
= .
Xg = \/28,,ApLydc/mg (1.1) o
DAY
.:_-.:._-
LN
whera, the value P, represents the average pressure of the e
\-__"_
1 - . . . s e . l SN
crspellant 33as, wnich is defined by
Ly
1
=] S . y (1. 2
.., - Py dXj (1.2) ‘
o} 3 - ®
" ’-
LR
[N
, , : . ¥l
In order to increase the velocity of the projectile, the v
tearm under the radical in equation (l.l) must be increased. e

The cross-sectional area of the barrel, A, along with the
length of the barrel, L,, are usually fixed for a particular

qun system; therefore, these parameters normally cannot be

1.5



altared. The velocizy of the projectile can therzfsre e
varied by changing either the projectils mass or the average

pressure of the propellant gas. For a specified gun systam

Y]

nd projectili=2 mass, the projectila welocitv c3an be
incresased only by increasing the average pressure of the
provel lant gases. In a conventional gun, wnich 1s shown in
figure 1, the propellant gas pressurs is effectively
incrzased by increasing the mass of the powder cnharge used.
The powder charge in a3 gun system consists of a smokeless
powder, which is also known as the gun propellant, since
this substance produces the gases which propel the
projectile. The smokeless powder contains one or more
explosive ingredients mixed with additives which stabilize
the mixture and produce the desired burning characteristics.
The smokeless powder charge is a solid, and it may be formed

into various shapes. Upon ignition of the gun systeam, the

solid propellant charge begins to burn, and chemical eneray

. R
2

(o
0
D

is transformed into hest 2nersy as hot gases ar2 prod

-

(A}

o

e

e32s

w

Higher projectile velocitias can ke achisved by inc

[¥e]

the mass of the powder charje usad which, in turn, 1acr23ases
the average pra2ssure of the propellanct gases. The lacresse

in projectile wvelocity achleved with increases 1n the mass

PP s
.

of the powder chi3rje, however, is not unlimited. The

S ol ]
¥ v
[

2,

limiting factor involved is the large mass of the propellant

b4

e

gases themselwves. A gqualitative explanation of this is as
follows: The gases produced by the burning of the smokeless

powder charge are extremely heavy. The molecular welaht of

1.6
O T oy T T T TN T T T N
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Ll " - halk el

thesa gases 1s aporoximately 23 (the molecular weight will

vary with the type of powder charge used). At hign levels

of gun performance, considerable energy is reguired to AN
,o
AR
M : 3 ! e
zccelerata these heavy gases down the barr=l of the gun; :5?\
et W
' -_.'\'_\
thus, less energy is available for the acceleration of the DTN
ClaNay
projectile. Due to the inertia of the propellant gases, the —

T

maximum velocity attainable with specially strengthened

LI LA

coaventional guns, using low mass projectiles, 1is

aporoximately 12,000 fr/sl.

From the previous discussion, it can be deduced that in
order to achieve higher projectile velocities, a "light
gas", which has a lower inertia, must be used. Less energy
will be required to accelerate a light gas down the barrel
of a gun; therefore, more energy is available for the
acceleration of the projectile. This results in the
attainment of higher projectile velocities. The acoustic
impedance plays the role of the inertia of the gas, and it
is egqual %o the sound soeed of the gas times izs deasitv. A
5as such as hydrogen or helium satisfies the reguirements of
a light gas, and either one of these gases may be used 1n a

tical

[

gun %2 achieve hicher projectile velocities. An ana:l
treatment of the discussion, which is givan above, can be
found in reference 1, pages 16 through 28.

The method by which the light gas is heated to attain

high pressures and temperatures constitutes the different :§
.
o

types of high performance launchers which exist. Some of 2y
.’

these are discussed in the following section. ;:

.
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] 1.2 TYPES OF HIGH PERFORMANCE LAUNCHERS ;:.~¥:
\ . _ RS
In the firing saquence of the gun, energy must be input
. . ) . . . o
: into the light gas, and a portion of this energy will in rﬁgﬂ
‘ Cu
N
turn se impartad to the projectile. Some of the ways in QE
’
Y
which the light gas may be energized are described below. P
)y One method of heating the light gas is by means of a ggﬂ_
K chemical reaction. The energy released from the chemical FﬂQ¢
E .-_‘:.n\.!l
3 . - . . 3 13 ’ ' J
i reaction is transferred to the light gas raising the e
2 pressure and temperature of the gas. The reactants which fﬂfﬁ
> SN
- , } ) RyCAgL
F are commonly used in the chemical reaction are hydrogen and .ﬁ.
2 oxygen. éﬁ
o2
The light gas may be heated by means of electrical 3
.
g
. . . 3 K] -
energy. This technique is termed electrical arc heating and <7
\--
is accomplished with high inputs of electrical energy. if
>
Another method by which the light gas may be heated is T
\-‘.'\-
. . . . -
with the use of shock waves. This technique is called shock :Agﬁ
e
nheating. The passage of shock waves compresses the gss, E&xﬁ
N
causing increases in its pressure and temperature. The “d".
n.\-- \
generation of shock waves may be accomplished in two ways. i{iq
The first method by which shock waves may be generated is }ﬂ#b
-
with the failure of a diaphragm, which isolates the i Y
Ly e
propellant chamber in the rear of the gun from the light :ﬁ§k
|._’l~..:’
gas. The second method is to use a light piston which IR
n:\.“\-

travels at high velocities. As the piston attains high

velocities with respect to the sound speed of the light gas,

comprassion waves coalesce to form a shock wave which



'-.l‘l.l\..\

compresses the gas ahead of the piston. A high performance
launcher in which a piston is used as the means of energy
transfar is called a two-stage gun. The type of two-stage
gas qun described above is known as a shock-compression gun,
and the second type of two-stage gun is an isentropic-
compression gun. An isentropic-compression gun operates
with a heavy, slow moving piston. No shock wave forms ahead
of the piston; and the compression process is assumed to be
isentropic.

This completes the discussion on several of the types
of high performance launchers which have been developed. A
detailed discussion of the light gas gun which is modeled in

the present study will be given below.

1.3 THE TWO-STAGE LIGHT GAS GUN

A schematic diagram of the two-stage light gas qun
which is being modeled is shown in figure 2. The term two-
stage implies the presence of two separate gas chambers in
the gqun. The first chamber contains energetic gases wnhich
are produced by the burning of a smokeless powder charse.
This gas will be termed the propeliant gas due to its
application in conventional guns. The second chamber
contains the light gas which is used to accelerate the
projectile. Energy is transferred from the propellant gases
to the light gas by means of a free piston. The piston used
in the gun which is being modeled is a deformable piston
made of polypropylux. The piston is shown schematically in

figure 3. The mass of the piston is varied by the addition
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ellets £o 3 chamber in the rear of the piston. The
rucszer O-riags and the cuppoed face on the piston act as

seals Wwhich prevent the leakage of the propellant gas and/or

or

ko)
O

10

light 2as Srom occurring at the piston/pump tube

-
(1Y

[}

nteriace. The piston motion is restrained up to a certain
propellant gas pressure by the flared cap at its base. This
pressure is called the shot-start pressure of the piston. A

at, scored, metal diaphragm isolates the projectile from

[

£ fr:
the light gas up to a specified pressure. As the diaphragm
fails, the projectile is subjected to the high pressure
light gas which accelerates the projectile down the launch
tube of the gun. In this paper, the term projectile refers
to two separate components: the free-flight model and its
carrier, which is called the sabot. The model is the part
of interest, and free-flight tests are conducted with
different model sizes and configurations. The use of a sabot
allows the testing of oddly shaped models to be conducted
siace the model configuratiosn is not restricted to2 the shape

or size of the launch %tube borz. The base of the projectil

M

cc

u

n

is termed the obturator, and its purpose is twofolid. It
to seal the bore of the launch tute, praventing any leakage
of the lignt gas at the projectile/launch tube interface.
The obturator also provides a foundation for distributing
the propelling force onto the base of the model. The
obturator may be an integral part of the sabot or it may be

4 separate entity, depending upon the design. A schematic

diagram of a projectile is shown in figure 4. With the
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Pn A

comgonents of the two-stage light gas gurn descrlded, zae
events which occur as the gun is fired will now be

discussad.

(7]}

o3
o

e

he f£i-ing of the two-stace 3as sun is initiated wicn

[¥e]

tae ignition of a primer charge. The primer 1is simply a

small propellant charge, and it may be ignited by means of

(4]

lectrical heating or by the mechanical crushing of a small

]

xplosive in the primer. As &the primer burns, hot gases and
particles are released into> the powder charge. The
individual pieces of propellant charje are called granules.
As the hot primer gases flow 1nto the propellant charze,
Yeat transfer to the propellant granules occurs mainly by
conduction and radiation. As the surface temperature of the
propel lant granules increases, they ignite and hot gases
evolve as the propellant granules burn. These hot gases
begin to spread through the combustion chamber, igniting

mcre of the propellant granulses. As this occurs, prassure

o
"M
O
ot

wives develop which pass through the le

0

ropellzant and

0ff the sicdes of the chamcer of the gun. These prassur=2

3}
[¥)
L3
(1,
1}
(2]

fluczuations ta2nd to cause uneven burniag oI the

[
1N
Las
('
[ 7]

charge. The provellant gases continus 5 o8

0
~
O
O

long as the charje is still buraning. Piston motion will not
begin until the shot-start pressure of the piston 13
attained by the propellant gases. At the shot-stcart

pressure, the flared skirt at the base of the piston

extrudes into the pump tube, and piston morion proceeds. As

the piston travels ints the pump tubs, the light 7as anhead
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the pi'ston 1s compressed to high pressuras zad

e}
temperatures. The entire propellant charge is consumed
aft2r the piston has traveled only a short distance.
However, enouch energy will have been impartad to the piste
SO0 that the shot may be completed. As the pressure of the
light gas reaches the failure strength of the diaphragm, the
diaphragm bursts, and the projectile base is subjectad to
the energized licht gas. The light gas now provides :the
propelling force which accelerates the projectile down the
launch tube. As the projectile is traveling in the launch
tube, the deformabole piston coatinues its forward motion.
The piston eventually enters the transition sectioa of the

gun, where it undergoes plastic deformation. For the

purpcse of internal ballistics, the shot is completed once

the projectile has left the launch tube and the piston has

LR A

come to rest in the transition section of the gun. With the

L Sl 20 1

)

gun systam and the firing sequence defined, the objectives

AR
Lol

m2yv 19w de ser forca.

The objesziive o. .1ls work 1s to develop 3 mathematizal
mcéel for the two-s:age light gas gun shown in figura 2 ‘
whicn will accuriacely predict the inc2rnal tallistics of ine
gun f2r a grven sat of loading conditions. The literature .
used in the :ourse of this analysis will be reviewed in the

following section,

AT, “t
%;?la&h.
oA

'I
-
%

L ]



RS ANSSSI W L PP

PP

2

1.4 LITERATURE REVIEW

The first successful *two-stage light gas gun was
developed in 1946 at the New Mexico School of Mines2. Since
that time, much work has been done in the analysis of guns
of this type (Refsrences 2 and 1l through 17).

The processas which oczur in the first stage of the
two-stage light gas gun are identical to those which occur
in a conveational powder gun. These processes ia turn, ara
dependent upon the type of propellant used and its
characteristics (References 3,4, and 18 through 22).

The extrusion of the deformable piston in the
transition section of the gun is based on information
p:ovided.from the analysis performed in metal working
processes (References 5 and 6). Material properties of the
piston matarial were obtained from Reference 7.

The pressure at which the diaphragm fails is based on
design considerations. The diaphragm design will ultimataly

affect its ccening charzctaristics (Rzferences 8 and 2°.

successive analysis oI the £ir3c-3503312 Crr22s5s323, 2131720
kinerizs, and projectile
are then obtained by linking together these r2laticnsnios
using the thermodynamic and kinematic ralazisnshigs £2r tn
gases involved (Refersnces 23 & 24).

The final step in the development of a model 1nvolLves

the creation of a computer program which numerically

inteqrates four ordinary, non-linear difforancial =qu3tions

%’ s

L)
."‘b,

oo
L4
i

«.
ﬁ»riﬂt_

PV 0 s

v

LA
N YA
ff{?f?q

4

[ AT Y
&
o

-

w
v

sy oy .
A -l‘: ‘.r".'r .:

[

Sy
>
Oy

L
F A
I

~ 2y e
“»

™y,
:. .
‘.I

I',":’
A

."
{g{ »

PR PLAY

ok ou #

b
230303
A

N

¥
L(

]
. _¢ ?
LA
.' ‘I "

RIS B
’
2

g
’

1
-

hY

¢

»
)
(a4
L

.5‘.




Ql\ \f\*\
L AR
o2l ee s
[1}]
.
Fe)
0
n
L |
L]
‘0
c
"
2
v
e
>
m
[ %)
W
"
s ]
(%)
"
Y
"
~
&
—1 -
o
o @
[of n
o
A Y]
anm n
w o
[T} Iy
)
~ .-t
-’o D.
2 m
v o
O
T
C
n r
P fFe
.t
2
E
]

3

-

covers the analys:is

next chaoter

The

hapter,

-

raductory ¢

int

—t

the gun

of

YAV
LA A
MMM A

r:eeavafﬁbﬁbbah,
E\-.- \n.\)- -\-v\n-l “v-- u-..-d'--\. \. l-r \hw ‘.




L,

ANALYSIS

LA

%

\jf'l
2

¥

AL L AR O
: rp R E R
#é 4ﬂﬂﬂﬁiﬁ;‘
NN

The £firing seguence of the two-stage light gas gcun

which is being modeled consists of four separate physical

P "
RN

. s
P

processes. These processes are the burning of the powder

..
o
"‘l'.l ’

et

charge, the time rate of change of the propellant gas

.

Y MO ]

LA
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|
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pressure, plston kinetics, and projectile kinetics. Each of

thesa distinct physical processes is modeled individually.
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The relations wnich are ootained are linked together wilth

»
b

-
=

the thermodynamic and kinematic relationships for the gases
involved. This results in a set of four coupled, non-
linear, ordinary differential equations. These equations
are the governing equations which model the physica.

processes that occur in the gas gun. The analysis of each

n

0f %the processes involwved, alonc with the assumptions rnade,

13 Ddrasenctsd Zeliw.

2.1 THE INTERIOR BALLISTIC EQUATION

e 2f the lighn

The

rty

- PR,
st 373

as 3un consists I 13ses

Yol
7o)

3t nizn prassur2s and temperitiliras whicn ir2 praduced Dy the
burning of a smokel=ss powder charze. The pracess by woil?
the gases ara prdoduced from the powder charjze and the rat=2
at which the pressuyre chanjes are identical td the prices53es
which occur in a conventional gun. Therefir2, the model1ny
of the flrst stage in the light gas gun 135 based on 4

formulatian devaelsoed by Hetneyl 1n which the 1ntezidr

’
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oy sallistics for a conventional gun are detarmined. s.j\. ’
ALY
] 5 . o , VAN
' As the powder charge burans, chemical energy 1is s
.
convertad into heat eneray. The principle of conservation NN
h
: ) | L o RN
of enerzsy 1s used to define the distribution of the enersy SN
s R YA
. . A
raleased by the powder charge Ny
" SN
'..(I
. E, = + + E . N
_ Ep = BEp + B3+ By (2.1) nl
. '--4'."
. Ian egquation (2.1), the te2rm Eso defines the :'_\:‘.-,-.:
2
translational energy of the piston. This term is expressed o
o 4-"',\'
g mathematically as _'.4.::,:
. AT
X S
] '-""-f
- l mo -2 2 2 Ry
E = w3} -2)
2 5 o) (
Ic
o
b, The term Ej, in egquation (2.l), describes the heat loss
1 from the propellant gases to inner surfaces of the gun.
3 This loss is accounted for by means of an adjustment factor,
. which is appolied to the translational kinetic energy term,
) 17 whnich the £isZsn mass nas ze=n ar=ificially incraased.
. . , ; , L : RN,
; The comblinatisn of these fT2rms a2 th2 xin=2tli< en2riy ,'.,
AN
relation resuits 1ia 3 raduc=z::n of the total enerdy e
o : . oo X
availanie for acceli2ration 55 Zn2 zistsn., The heat .0SS A
f ter—~ 1s thus defined as
L]
3 l m
- i °2
3 £, = 3 2 (2.
, u} N Xp \ -
2 3~
The adjustment factor, 2, in equation (2.3) 1s the heat
]
loss factor, and the coarre~%2d p:3590 Mass karm 135 <a. L=2d
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the pseudo-mass of the piston, denoted by m,.

oseudo mass is defined as

E]
"
3
.1
|
™
i

The final term in equation (2.1) is the energy regquired
2 accelerate the propellant gases and the unburned
oropel lant granules down the pump tupbe of the gun. The
energy required for this process is accounted for by means
of a kinetic energy term in which only a fraction of the
mass of propellant gases and unburned granules is considered
to be acceleratad into the bore of the gun. The energy lost
in accelerating the propellant gases and unburned propellant

granules is therefore defined by

(2.5)

0

In egquation (2.3}, the £facceor :, 1s the densitvy

()

dlistribution factor. This facszor dictaza2s that only a
cortion of the propellant gases and sr3nui23s w... De
accelaritad into the pump tube of the qua., The valae of the
density distribution factor is constant and 1s aporaximas=lY
equal to three. This implies that only a tnicd of the
propel lant gases are assumed t> be accelerated into the pump
tube of the gun.

In order to obtain the 1interior ballistic equation,

which defines the pressure of the gises produced by the

1.17




4‘ . R . .
h dpurning 3f the propel lant charze, an equation of stata is

raquirad along with some of the characteristic properties of

the powder charge used. An equation of state is a IR
-:.-:..
. . . ) S
ralationship wnich expresses the intensive paramecsrs in A
\ , e
t2rms of the extensive parameters. The equation of statsa Q?\
' LATRY.
) used to describe the propellant gases is the Nobel-Able
' equation of state
-
,
¢
=] \ - TN, =
; Pay (Yo N, ) Ny R, T, (2.6)
. A
. . . C o R SRS
- The Nobel-Able equation of state is a simplified form of the e
y Van der Waal's equation of state. However, the tarm which -
accounts for the effect of molecular attractive forces has -
[} _-l
) been omitted. In the Nobel-Able equation of state, only the .
effect of molecular volume is considered. .
The temperature at which the propellant charge burns is £
known as the flame temperature, and it is related to the
impetus of the propellant. The impetus, or force coastant,
2f the procellant is a charactaristic guantity of each tvece
. of propellant whicn defines the amount of ener3y a certaln K
s Mass OL propel! lant 1Is capadble of releasing. It Is defined as .
’ ,;.
r
- . ”~ 2] . 7 M
Ty Rp T (2.7
o
Ll . . .
The impetus is used to define Eqv the total energy released
. by the powder charge. -
The expressions in equations (2.2) through (2.7) are N
used to solve for the interior ballistic equation which .
! .
models the processes that occur in the first stage of the .
N
o
N
1.18 N
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gas gun. The ballistic equation is obtained from equztion
(2.1), and the differesntial form of this egquation, which is

usad in the present model, is

dp (C., = Nu)
av ) b
— Vc + XPAPC - 3 - le =
at P
(2.8)
dNy m, dX, dX, .
— Fy - (7=l (1= — —= - P AgeXg
dt g. dt dt

In the above formulation, the gases which are produced
by the burning of the powder charge are considered to be a
homogeneous mixture. The interior ballistic equation given
above, therefore, defines only the average pressure of the
propellant gases, and this pressure occurs at all points in
the propellant gas.

In order to completely define the interior ballistic
equation given in (2.8), the functions which describe the
rate at which the propellant gas is produced (dNy/dt) and

he &time

N
(=]

the acceleration of the piston must be da2fined.
rat2 of propellant gas production 1is considerad next.

The rate at which the powder charse is consumed IS
equal to the rate at which propellant gases are produced.

This term is expressed as3

dNb

_— = rSew (2-9)
gt o7p

In equation (2.9), r defines the rate of reduction in size

1.19
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of the oropellant cranules as burning proceeds. This
paramet2r 1s known as the buraing rats. Typically, the
burning rate of the propellant is obtained by fitting the
burn rate vs pressurs data obtained in closed vessel test
f{rings of the propellant to Viellea's eguation, wnhich
ralates the burning rate to the propellant gas pressure.

vVielle's equation is defined as

N

r = 89, (2.18)

The burning of the propellant in closed vessel tests,
however, does not simulate the burning conditions waich
actually occur in the gun system. In order to account for
the dynamic effects that the burning propellant charge
actually experiences, such as erosive burning, several
modified forms of Vielle's equaticn have evolved?. The burn

rate equation used in the present model is as follows

r = 8P,, + KX (2.11)

In the burn rats eguacion given above, the coefiicient X
i3 an adjustable constant wnhich accounts for the efiacts of
erosive burning, Erosive burning is defined as follows: As
the velocity of the propellant gases near tne surface of the
Jranules incraiases, the heat transfer into the propellant
granules also increases. The additional transfer of heat
acts to increase the rate at which the propellant granules
burn or regress. In the present model, the propellant

erosive constant K is defined by the ratio of the volume
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2f the powder charge to the volume of the breech, times

J.Ji. With the propellant =rosion cons:tant defined 1a :his
manner, the value of the constant will be diffsrent for
shots in wnich difZferent charge weights ars used.

The final t=rm to be defined In sgquation (2.3) 1is the
exposed burning surface of the propellant granu.es.
Propellant granuless are formed into many different shapes
ané sizes. The expression, which defines the surface aresa
of the prooellant granules &s burning proceeds, depends an
the initial configuration of the propellant granules. The
only propellant configuration which has been used in the gas
gqun to date is a single perforation type of propellant.
Therefore, the present model considers only this particular
configuration of propellant granules. The burning surface
area of a single perforation propellant granule, in which

the length is greater than the diameter, is defined by3

2 C.
W
Sb = " ’ (-—-12)
up No

\

The rate at which the provellanc charze (s consumed may

ncw 2e de

h

[,

ned with the use of equations (2.11; and (2.12)

aN, 2 C
o] N * e’
- 2
— = (B?y, * Kvxp) (2.13)
dt 4y

The remaining term to be defined in the intarior

ballistic equation of the first stage is that of the piston
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acceleration. The acceleration of the piston deals with

S, IR

¥

v, piscton kinetics ané will ther=zfors de discussed in the next
|$‘
. section. However, before proceeding with the analysis of
? Piston kinetics, %+the assumptions made thus far 1a the
] modeling of the I{irst stage of the gas gun will b3se
o
4

summarized

p £

g

’

1) At time eguals zero, all of the propellant granules

e

nave been ignited simultz2neocusly and uniformly.

LF

2) The effects of pressure oscillations which occur in

.

the breech upon ignition are neglected.

-_&-:-;I a
v

3) All of the propellaat granules are of the same size
and are of uniform shape.

4) The gases produced from the powder charge are
described by the Nobel-Able equation of state.

S) Dissociation of the main constituents of the

propellant gas is negligible.

(o))

The hest loss from the propellant gases to the gun

surfzc2 1s accounted for by adjustment factars

M
'

wnizh raduce the energy availables for acceleration

A g

s

~)
E]
o2
©
"
1]

1s no l=2akage of gases at the br2ech of the
gun, around the piston, or at any of the connection

points.

The analysis involved in detarmining thapiston dynamics

will now be examined.
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2.2 PISTON RINETICS

-
.

o

(1Y)

.

e

@ tvoe of pirston used ia the

W

it 33s Qun, which s

el

being modelad, is a deformadble piston which is made out of

polyoroevlux (figure 3). The piston is made such that lsad
pell2ts may be placed in & cavity in the back of the pis=an.

This permits variations in the mass of the piston. Duriag
the firing segquence, four diffarent types of forces will act
on the giscon. The nignh prassure and temperature propellant
gas, which 1is generat2d by the burning powder charge,
produces a force which propels the piston into the pump
tube. AsS piston motion proceeds, a frictional force occurs
at the contact surface of the piston and the pump tube which
acts to ratard the piston motion. As the pistoan travels into
the pump tube, the light gas ahead of the piston is
compressed, and this gas pressurza produces a retarding force

on the piston. The final force which acts on the piston is

an extrusion forzce. As the piston enters the transition

"
Wl

t22ion of the gun, it underjoes ceformations. The forces

]

wnich cause thais Zeformation ar2 callzad the exsTrzasioa
fcr2es. The asnalysis of 22ch of these f-rca2s will now Se

Th2 inater:or ballistis equation, whicn mcdaels the
processes in the first stage of the light gas gun, considers
the propellant 3as %o be a homogenous mixture., The value of
the propellant gas prassure which is computed from equation
(2.8) is, therefore, only an average value, and tals

B ol

pressure i3 taken tH exist at all points in the gas. The

1.23
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&} orassure wnich is computes Irom esquation (2.3) will not
o
I*I - . . . . . - .
C? accurataly model the pressurs which acts on zthe zase of the
o . o | | . .
o, plston, since 1n actuality, a prassure gradieat exists In
" the propvellant gas. The existance of a pra2ssure gradiznt
>
<
N . . N . . . - N Sy s
y implies that the gas 2rassure at the bdreech of the gun will
"
be higher than the gas prassures at the piston base. To
-~ account for the effects of the pressure gradient, an
2 -
-

expression which relat=2s the piston base prassura2 to the

(V)

average pressure is used

-
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In equation (2.14) the temperature of the propellant gases

:'-‘ s

4

is needed to define the gas sound speed. During the firing

sequence the gas temperature changes constantly. However,

q
-
o "

%8

the gas temgeratur= s aporoximated as .77

wl%7 the bdase pressuyr2 on the pistoan kxnown, the farce

on the plston due £o the procellant cas is s

b

mpLy toe

pressure multipliied by the cross sectional area of the pump

FP) = Py, X A (2.15)

po pt

As mentioned previously, the average value of the propellant 3f
e
gas pressure in equation (2.14) is defined by equation (2.8) L

"‘,
.

<,

to the point of diaphragm failure. After the diaphragm

1
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inst22d of equation (2.8), is as follows: At the time of AN
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dispnhnragm failar2, the entire powder charge has bte=2n SR,
: NOON
v, consumed ( dNy/dt = & ), and the piston is decelerating Nty
L ‘
q rapidly, which implies a negative value for the :~:
‘ . . A
acceleration. As this takes place, the rate of changs of NS
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the propellant 37as pressure will become positive, and the .':-‘_.:_.
. provellant gas pressure, as defined by equation (2.8), will G
. T
X becin to increase, even though the gas is continuing £2 ey
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30CT 3T3art Qrassyr?2 1S rsicnec, tne I .3rsc zOortion <I tne

oiston extrudes 1at> the pump tube, and piston metion
cezias. The inizial magnitude of the fric=ion {orce waich
aCt3 J0 tne piston is assumed T2 De the f£orce which mus:t ze

Jverzome 3at the saot stiar= prassur=2. This force is defined
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As the piston motion proceeds, its velocity increasas and

tae flared sklrt and the ruboer 02-rings exgerience wesar.

—

is therefare assumed that the friction on the piston varies
with respect to the velocity. The friction force which acts

w0 %he piston Is thus defined as

- = - o - = 3 o - = -2 - - < oo -
ni3 czelflch 207 13 Zet2rmined 2y T3King tne ratict I IR -

the maximum 203351012 vi3alae I the pisTon valdCoiTty, Yoo
This 15 2xgra2s3ed matnemas:zilly 33
FR,
TR, = A

In equation (2,19), Xmax’ whlich 15 the torm 1a the

denominator, 1is calzculated by equating the total =2n2r37y
released by the mass of powder charie used t3 the kinetic

ener
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N /2-.0Clt/. WlZA Ttle ve.oclty <cecay ccefliclient, FR4, defined e

o IS
. . . . . - - . - . “ “ N )

! ia tals fashion, the friction forcs =-2rm will always Te a :f\ﬂ
| positive number (i.e., £23r any snor, *he actual 2is5ton .
. R
v v o . . . . . N
- veloclty wlll newvar zZe srezzar S7an K QU I Juriang zthe ﬁx:
" - - mex B A
~ o . L. . i AU
> iIing sequence2, the pist3n will decelarats and eventuaily NN

Bt
come to rest. As tiis occurs, egquation (2.19) predic«s taat
1] P . . . . . .
3 the frictional force will begin to increase back ts the
’
. inizial value FRy, sincs the friccion varies dira<=lv with
-
re2sgect to the velocity. The increase in the friction farce 3
[) e N
" 'J‘.‘-'\-
o at the time of piston deceleration may be justifiad AN
o \.:'
- ualitatively as follows: The 1ston deceleration :3 ‘o Te
o > "
. : A
. ERTA
q . . . . . . .. . . . feate®
lnitiated by the high pressures which occur in the lizht
L
N gas. [t 1s assumed that these high pressures will expand
N the cupped portion of the piston face. This will oroaduce
large £forces on the inner bore of the pump tube which will,
f tn tuarn, increase the friction forte which acts on the o
2 piston. ST
[ Y
' - =
- NlTh o th2 Ifrliztion IrZe on the pistin Zz2iined, =n=
; Itrz2 9n T2 Sistisn 342 £ fthe nN2l:im I35 WLl . ncwW oe
3 Zetarmined,
j Tn=2 se2Tind 3%372 I ochnamcer SfotTe 233 Iun IdnTalas Tne
: 11307 333 whion Dropels a2 protectila. A3 sAae2 DisToIa 1S G
. £orzed down tne pemd tibe by the proacellint jas, “he ne.idm SN
Is compr2ssed., The velacity of the Diston dur:ing its mos=:ion
A down the pump tube 13 LW comparad with the sound spe2d of
)
N _ .
- the helium qas. Therefor2, 1% (35 333umed that no s$A0Ck waves
L)

ire formed 3herd af e nishon, The s5h) - x-free Ccomdr2ss3in
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pre2ssuyure rlse 1n the hellium up to the peoint of diagnrasgm Y.
£ailure is thus defined as s
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Phe = Pe, ” - (2.29) v
- He ~ “pPpt
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Equation (2.2¢) s the isentroplc pressura raiatlionship. ’
\"_\._\
Usage of this relation implies that the light gas s assumed e
‘.-‘:4-
tc be an 1deal gas with constant specific heacts. The DA
s
prassure which is calculated from the relation given above .18

exists at all points in the gas. 1In actuality, a pressur=2

gradient exists in the light gas. Therefore, the pressure

% »~

at the piston face is higher than the pressure at the R
diaphragm. In order to account for this effect, the }Q}
PSRS

. . . . . . OCY
lsentroplc stagnation prassure relationship 1s used to ‘}{a
\ Y
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ralat2 the avarige hellium grassure t3 the helium srasscrs 2n Ty
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Wil tne pra2ssurs of tne nelium 3n tae piston fiace now

def:ned, the forze on the piston due to the light gas Is .

0
o
3
0
c
t
1
0.
(63
<
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altiplying %he rasult of equation (2.21) &y the g

3r2a -f %he piscocn face. This is ex

'

ressed as N

x
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v
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The £final forzes wnich ac= upon Zhe piston ar2 the ~r

» .-

hY

. . - - d -
extrusion forces., These forces ar= considera2d next. -~

)

As the piston ent=rs the transition region of the gun, r
it undergoes deformations, and a flow pattern is developed. E
If the flow pattern is known, the strain rates involved in ;
the deformation can be determined. In the current model, it -

1s assumed that the piston flow fi=2ld can te described by a

- —_- -4 - - — " -
scaericzl wvaloacizy f£ilz218. 1 3 sphersical wvelocitv field,
all 2f the maz2rizl Ian the deformazion ra2tica s 3ssumed Tt

fi2ald is shown i1n figure -, In Tigure I, ZCONE I 13 tne

the piston material anters and exit3s the %ransition ragicn,
the diraction of the flow of the piston chaanges. These

changes inan flow direction cannot o= J2escrioed

mathematically; ther=afore, they are described as velocity

)

discontinuities which occur along surfaces 7, and 5. With
IS
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:2 tne velzcity fi=2li Zescciced, the strain rats field of zhe
-
&f mzTzrizl mzy e Zelined 1n scneriztal csoriinactaes. The
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R

'i 215330 mat=2rial 1S assumed to> e perfectly plastic and ocey
‘¢ tqa Mis32s' w1213 srita2rion. 1% 1s 3alsc assumed that the
"J
;a T.3220 mMatsrial 13 Lacomoressidie. With these assumptions,
g

tne intzrna. power of deformation of the piston material may

now 2e dafined as5
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:, dafine the power spent at these surfaces ara®
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- Ccot2 (2.25)
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W = TIV_ R - cots: (2.29)
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Since the ex-rusion pracess proce=2ds 3t a very high ratsa, {:g
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i Zguations (2.24) tarougn (2.28) cefine the power apsorded oV -;q’A
' e . o | . . . o
5 the D2iston as 1t extrudes 1nto the ctransistion ra2g9ion of the NG
) ) *
| » ':ﬁ
v Jun. Zguations (2.24), (2.2%), (2.27), and (2.28) appiy >
; ; : . : KA
" throughout the entire extrusion orocess, while equation CAIN
N DASA
"q. . . \ . N . N . ",:: X
X 12.25) is applicable only when the 2iston begins %o extrude ‘ﬂ?:
[ :' ‘:flh'v‘\ )
« . . . . . ~ N . . L3 - g
inco the launch tube (in other words, only when the piston T,
. fice has crossed the surface Fl), Since we are interestad
- in the forces wnich ack on the piston, the extrusion force
.
“ must be extracted from the power terms given above. In tne
gl or2sent model, the extrusion force is determined Dby
'
j multiplying the summation of the power terms by the ratio of
‘Q
.- the time of the extrusion, to the distance of the extrusion.
The extrusion distance is simply the distance measured from
7
" the apex of the cone to the face o0f the piston.
’
) The ext-rusiosn process has b2en Zascribed abdbove.
Hcwewa2r, zefsrs the egquations <an te agoli=i, =he Zroperziss
L]
'} 22 thne piston material must Ze kxanwn, Tha matarlal
5 orzoersies of polyprocylux are unavalilabl2; thera2fore, the
~
croperzies of polypropylene, a similar matarial, 302 J323.
. These v3alues are ootained from r=2farence 7. in some shots,
o tqe face of the piston may extrude far into the launch tude,
<
and parts of the piston may sepiarat2 and be launched ¢own
-I . -
- ringe. In such casas of severe extrusian, *he lead packing

. la the bHase of the piston will i(nfluence the extrusion
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process and may 2ven pvegin to extrude itself. In the
or2sent model, it is assumed that lead macerial will begin
to extrude once the piston has filled the transition region

ané 1s becinning to 2xtrude into the launch tube. The same

[{1]

xtrislion agquations apoly for the extrusion of lead as were

used for the polyproovlux. Only the values of the material

S AP NS

-

croperties are different.
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- With all of the forces which act on the piston defined, “a
- s

" -

.,

the acceleration of the piston is obtained by applying

Newton's second law of motion to the piston. It yields

2
d Xp

de?

p
With the piston acceleration defined, all of the terms in
the interior ballistic equation, eguation (2.8), are now
kaown. The assumptions made in determining the piston

acceleration will now be summarized :
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be overcome at the piston shot-start pressure.

3} The friction force on the piston will vary with
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respect to the velocity of the piston,

Cyas s

4) The light gas is treated as an ideal gas with
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flc heats, and the effa=-ts of heat G
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isentrooic oprocess.
3) THhe ora2ssura2 on tThe piston fzce is rszlated to the
avarace oSrassur2 by the lisentropic stagnation
orassurs sguation.
7) The flow field of the piston material in the
transition region is defined by a spherical
velocity field. o
8) The piston material is assumed to be AN
:"\‘.&-"
. - N A
incompressiole. :¢v},
- »
. o oy
3) The piston material is assumed to be perfectly e
slastic and obey von Mises' yield critariona.
At this poiant, the gun firing cycle is completely
modeled up to the point of diaphragm failure. The events
which occur at and after diaphragm failure will now Dbe
axclalined.
RSN
. RS
2.3 PROJECTILE KIMNETICS RS,
--. ‘. -
4 , . e
b In %he two-stage lignt gas <gsu2a, & flazt, scor=2ac A
SN
RN
Gdiapnracm isolates the prajeczile from the propellant 3Ias up

to tae point of diapnragm failure. The pressur=2 at which AN
the diaphragm fails is also known as the projectile release
pressure, siace it is assumed that the projectile motion
bejins as soon as the diaphragm fails. This section of the

analysis will deal with the projectile motion and the .
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ensuling Zorces wnich are iavclured.

w
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is =he diachragm Zf3ilor o2rassur=s 1is resached, =:he
petals of the scored diaphnragm begin to open. The actual

time rsqguirsd for &the cdiapnrzcm £2 ocen completely depends

pRriss DI X TP

r s

on zhe mat=ar: mis

3

W

1 used and the depch to which the diaphra

)
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scored. Wnlile the opening times vary, an @stimate for the

A

l, l-

average opening time involved would be on the order of

o . - . . R - . s
b- saverzl huncrsd micro-seconds (ra2fsrznces 3 and 9). In the :k&ﬁ
!--. -
v o

oresent model, iz 1s assumed that the diapnragm opens e
instantaneously. The justification for this assumption i3
3s f£ollows: Aftar sewveral hundr2d micro-seconds, the
projectile has traveled only a short distance. This fact is
shown 1in table 2, where the computed results of only the
projectile motion for a typical shot are presented (Note :
the starting postion of the projectile in the launch tube is
one inch). Since the projectile moves only a small distance
during the time that 1t takes for the diapnragm to open, the

incr=2sse 1n vo2liame zZeninad the prsiectil

17
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projecsi.2 zase will te wvery razpid £f3r the case of
considering the diiphracm opening time. Ther=2fore, the
instantaneous pr2ssure rise associated with the assumption
of an instantaneous diaphragm opening will not deviate
Jreatly from the process wnich actually occurs.

As the diaphragm fails, a shock wave is propagated

toward the projectile base, and an expansion wav=2 1S
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the average va.ue

of the helium pressure is determined by means of an
isenczopic relation in which the volume change is depencent
caly on the piston mocion. The change in helium pressurs at
dependent on the motion cf

1s now defined by

The pressure of the helium gas, which 1Is evaluated from
1s oaly an averace value.

radianc,

4 =he cTiston [zce
i2rz2rmlined by @means of kt isenrropic stagnation

r=2la-ion which is given in equation (2.21). Th=e

pPrassure on the projectile base is determined in a simiiar

fashion, and is defined by
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whera, +the helium temperature s czlcuilatsd from the

isentrovic relationships.
: With the projectile base pressure defined, the

propelling £orce on the projectil= is defined as foliows

FSl = pr X Al. (2.3l)

-

There ars two remaining forces which act on the projectile.
They are the force due to the compression of the air anead
of the projectile and the frictional force which acts oa the
X sabot. These forces will now be analyzed.

In the gas qun which is being modeled, the launch tube
may be open to the atmosphere or it may be evacuated. In

either case, thera will s

r

i1l be some air ahezd of tne

crcijectile. A5 the projectils accela2ratas down the launach
tuce, compraession wavaes will coalesce t2 f2rm a normal snoeck
g wav2 anead of the projectila., Accordiang to Siegell, the

1
1

normal shock wave forms almos: immediataly 3

[
rn
cr

ar the onset
of projectile motion. The prassurs and velocity of the air
. directly behind the shock, and of the the air in froat of

. the projectile, equalize very gquickly. Thus, the pressure

“w

e
=30y
-h

-~

which occurs on the face of the projectile may be

approximated by the pressure which exists immediately behind

. o . . .1
the normal shock wave. The relation which defines this 18
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The ra2ctarding force produced by the air anead of the
projectile may now be computed by multiplying the prassur=
which acts on the projectile face by the cross-sectioaal

ar=2a of the launca tube
FSZ = Psf X Alt (2-33)

The final force which acts on the projectile is the friction
force, which is considered next.

As the projectile travels down the launch tube,

v
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frictional ra2sistznce must be overcome. The free-£11
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the obturator undergoes riadia
Jas acts on its base. The radial expansion produces a
normal force on the inner surface of the launch tube, and
this force is related to friction that acts on the
projectile. A free-body equilibrium approach, in
cylindrical coordinates, 1is used to determine the pressure

whish is exerted on the ianer surface of the launch tude.
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The resultant friction force is modelad by means
friction, and the relation wnich defines the fric

on the projectile is given by

- . 2
CS3 = T“m(Dlt) ..Dsa

The calculation of the friction forze, which acts on tae
oraojectile, is given in Apvendix A.

The change in the helium pressure during a sho: 213s
been defined only for the case in which the projectile 1s

still in the launch tube, and it is based on the chance in

volume which cccurs due to the motion of the piston andé the

projectile. Evaluation of the helium pressure in tiais
fashion iIs correct as loang as the projectile is in
launch tube. There are cases, however, for which the
projectile has left the launch tube, and the piston is still
in motion. The rate at which the helium pressure changes
for this case must be determined, becsuse the calculatica
raoceeds ugf &2 the point wnere the pistsn st2a0s, : tne
X-rusion distance may be detarmine
o 1e drop in the helium pressure £or this c<a with
intermediats ballistics. The flow field and the analysis in
this regime are extremely complex; however, the muz:zle
velocity of the projectile has already been determined.
Since the projectile is out of the range of influence of the
external flow field at this point, gross simplifying
assumptions have been made to obtain a "crude" approximation

of the helium pressure ahead of the piston once the
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“ projectile has 12t the launch tube. The relstion walca Q
b ] .
\ ] - . . N . . . . . L o
" describes the drop 1n the helilum poressur2 is as £follows with Q
»
a derivation given ia Appendix 3 : e
v )
'n 'J'\' A% \
L} >
!- l,
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Y ' _aA, _} "l.
sSlz
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v ( r":‘-16 -
o] .
Pua = P (2,35 SR
"He T Pye °XP =.3%) L
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All of the forces which act on the projectile have Zeen -
v ac e
: defined; therasfora, the acceleration of the model, according At
. .l."- '..
- . , A AN
to Newton's second law of motion, is given by N,
a_'f.:a
Loy
2. e
' d4Xg , 5 36 RERa%
- = 3 - - 2. Ao
: - 2 ( :Sl ESZ ESB ) gC' ms ( ) _-:_...._
. dt e
- (A
\_"-" PR
: AU
_'n' A
The analysis oan the kinetics of the projectile ar2 now AN,
: . : . I
complete, and the assumptions which were made will now be B
) '-..\'r'\-
Lo e
. ~ N
summarized : il
. A
A,
\.’\‘q_
- The proteczil2 motian tegins 3z tnhe grassur=2 3t
wiich the diachragm fails,
2) The diaphragm ocens 1astiantznesus.y.
3) The shock and expaasina waves whlich ocIur 2=z
<
diaphrazm failure are neaglected. .
4) The light gas (helium), 1is treated as an ideal gas .
i
: . : : . - - A
with coastaant specific hests, and the processes
O
which occur are assumed to be isentropic. .
S) A form of the isentrooic stagnation pressuyre NN
N
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e
<
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relation is used to r2lat2 the averace h2lium zas

'

ora2ssyre2 to the projectile base prassurs. .
6) The air pressure on the projectile face is

.

approximacad by the pressur2 wihicha ocTdrs zeaiad a
normal shock which moves anead of the 2rojeczila,

7) It is assumed that the normal snock aneacé of :the
projectile forms instantaneously and that the air
cetween the shock and the projeczila =2gqual.izes
gquickly.

8) The friction on the projectile is a function of the
fressure of the helium gas which aczs on the base
of the projectile.

9) The friction force which exists between the

projectile and the bore of the launch tube 1is

proportional to the force exerted on the bore by

the obturator. The proporticonality factor 1is
assumed to be constant and is called the Coulomb ﬁf

ccefficient of fricsion.
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This completass the analysis of the pnysical prscesses

that occur in the firing of the two-stace ligh: 3g3s gun
which 1s being modeled. The governing differential

equatlions are presentad on the following page.
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NUMERICAL SOLOUTION OF THE EQUATIONS

Now that the equations which model the gun have Seen
defined, the numerical method used to obtain an aporoximate

solution to the governing equations will be discussed.

3.1 SELECTION OF A NUMERICAL METHOD

A solution for the mathematlical mocdel of the two-stage
light gas qun requires the numerical integration of four
simul taneous differential equations, two of which are of
second order. A numerical solution provides an
aporoximation of the true solution. The difference between
the numerical solution and the exact solution at any given
step is the total error. The total error results from three
conditions. The first condition is that of roundoff error
which is introduced whenever arithmetic operaticns are
c2erfsrmed. The seczad condition is ths Ltruncatlon error
wnich resulsts from the use of approximacs formulas 1a the
calculation of a given step. The third and final condition
which contributes t5 the total error is a cumulative error,
which is present at each step, due to errors in the
Preceding steps.

The roundoff error which is encountered can Dbe
controlled with the use of double-precision arithmetic. The
truncation error may be minimized with the use of a small

Step size and/or with the use of a numerical integration
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oroolem, and 1z will 1avelve a large numper of steps.

a larje number of st2ps will be reguirad, a numerical mernod

(A}

which has a small per-step truncation error 1is ra2guirad in
sorder %2 minimize the zumu.ative errsr. A numerica. me=ncd
wnicnh satisfies these requiresments, and which 1s alsg
stable, 1s Hamming's methodl?, Therefore, Hamming's metaod
is the numerical method used to intagrate the differential
equations obtained in Chapter 2. Hammings method, however,
has the disadvantage of not being self-starting. 1Ia the
present calculation, a fourth-order Runce-Kutta method,
which has the same truncation error as Hamming's method, is

used to start the intagration. The fourth-order Runge-XKutt3

schneme could be used to carry ou<t the entirs intacraticn.

a

Howevsr, damming's mesziacé was cfacsen Je2cause the reculrIsc

Wy

()
rr

[0

mpoutation time 1s Lless.
With the numerical methcd nhaving ce=n dacided udon,

mathod and the algori:tms used will be discusszed Lelsw.

3.2 HAMMING'S METHOD

Hamming's method is a predictor-corrector method. The
solution is obtained by first applying a fourth-order Runge-

Kutta scheme which generates the starting values requl

ry
(o9

2

for use in Hamming's method. A5 mentioned previous.y, tae
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In =zhe two-stage lignt zas gun wnich is being model
10 Dra2ssuyre sensors have been installed in the pump tube or
ian the launch tube. Therefore, measurements of the
srccelliant 3as prassura, zhe helium gJas pressure, piston
Dosition and velocity, znd projectilas position and velocisy
during the firing cycle are not available. The only
measuyrzci2 data which cz2n be ex:iractad from the gun ara2 the
muzzle velocity of the project;le and the distance that tle
piston extrudes into the transition r=gion and/or the launch
tube.

A comparison of the model predictions with the valid
data cootained from actual gun firings is presented in table
2. The meximum deviation of the model pra2diction ol the

N
1

crsieczil=2 muzzle valgclty ocgurred for shct 4, in whizh the

actial veloclty was for shot 3, in which the percant 2rror
is -1.67%. In comparing the actual pis=on extrusion
-~

distance with the model predictions, the largest error
incurred was for shot 1, in which the percent is -71.82%,
The most accurate predictions of the pliston extrusion was
£ar shot 2, in which the percent erroar is 11.31%, The

computaer model has the capability of plotting the rasults
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time 1s shown in figure 7.
The piston motion is dependent on the propellant zas,

ne 1ignht gas, friction, ané the a2xtrusion forces. The

(23

pistsn velocity as a function of time s shown In figurs 38,
The corrasponding friction and extrusion £orces winlch ac< on

the plstsn as a function of oiston disclaczmenc ars shaown in

figure 9.

The forward motion of the piston will compress the EREAE!

-.-‘q‘ \-P-

light gas. The average value of the helium gas pressure 1is NN
-~ h. " -h

u":.’:’ -~

shown in figure 13. When the prassures of the helilum exceeds St

the strength of the diapnragm, failure occurs, anad

crojectils motion proce=ds due Lo the action of the hi

W
oy

Srassur2 _izhat z=s., The helium 335 Dase pra2ssar2 on the
oraojectilz 25 a IfuncIion of the grojectila cisglzcement LS
shown 1in fizurz 11, The wveloacizvy of the crojectil=2 23 3

The motiosn of tne projectile is ra2tarded by Iric
forces and by the compression of the air ahead of tnhe
projectile. These rasults are shown in figuras 13 and 14

respectively. The resultant forz whizh acts on the

]

Drojectile 3as i+ triveis down the launch tube {3 shown 1IN0 :
J N
_ ®
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i figure 1lS.
E In order t9 achleve 4tne Z23:z23 2rolecTil2 muzzls
i velocity with allowable acceiarzzion forces, six of =the
. loading paramercers may be vari=ac. These caramec=rs ars2 as
"
RS follows :
WY
? l) The mass of the powder charse.
. 2) The mass of the piston.
(Y
3) The initial helium prassura.
4) The pressurz at wnich %the claonracm £3ils.
5) The mass of the projectila.
6) The air prassure in the launca tube.
The results of a study whnich show the effacts of varying ;
each of these parameters will now be presented. N
; . . 3 . . . o
Inst2ad of using the complere set of eguations given 1n .
Chapter 2 to explain some of the rasults which are ocotained .
in the parametric runs, only one equation is needed, and v
It
this equation defines the rate of change of the helium .
. . N,

prassur2 aft2r the dizpnrazm has fz2:0lad. In the [niztizl
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change of the halium pressur2 may be d=2fined with raspec:t to

the piston motion only. The h=2lium prassur=2
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obtained by diff=arentiating the is=2ntropi
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relationship, which is as follows*®
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Zguzation (4.1) defines the time racz 3L chaage 2f %he helium o

pressur2 and 1s alsc known 3s the pumping race. The rasulss
of the parametr‘s runs show how the pDrojectile muzzle
valocity, the niovjectile meximum fzse prassur2, and the

piston extrusion distance are affscted bv chaangas in the

<
3
3
.
{
E
3
h'

loading parameters.
The effact ¢f varying %the mass of the powder charje is

shown in figures 16 through 18. ~Ffigurs 16 indicates that

N . . - - . - LA
the projectile muzzle velocity 1s very sensltlva £0 Qhﬁ
’ :;-.::-.
variations in the mass of the powder charge. Higher e

L%
Py
"‘ ]

W
,

projectile velocities can be attzined by increasing the mass
of the powder charge. The reasoning for this is that as the

mass of the powder charge is incrzsased, more energy 1is

z2valladle fsr aczelzrzziag the ctistsa, 3né the 2iston
72locizv is lacreased. Grezctsr gistsn valaciziss grovida Iorc

a larzer pum

He)
ot
@
{0
~n
¥}
v
[¢h)
19
[
[30)
!
-
Q
jo!
da
3

&
3
Jan
o}
LY
[
i
7]
[
+

Y
Uy
»

s )
r
|
18

[

Nigher projec=ile base pressures r2guizad 23 yvield hizna=

projectile wvelocities. The result of attaining hicher

projectile base prassures with incr=ases in -he mass of the
powder char3ge 1is shown in figure 17. Ia genezal, the

greater the piston velocity, th=s graat2r the piston

extrusion distance, because the piston encers the transition

T
-
Ui

section of the gun with mora kinetic energy. This resul

<

e
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the mass 2I Zhe ziszITsn 13 sncwn

in figures 19 *through 21. Figur=s 12 indicat=as that %he

Wy

ectlile veloclitvy 1s not very sensltive =c chances ia zhe

mass of %the piszon. The maximum GoSase

‘0
(A
Y
0
!
[
"
(4
0
o
)
J
1]

projeccile is also quite insensitive to variations in che
mass of the piston (figure 28). Tigure 21, however, shows
that +he piston extrusion distance {5 very sensitive £o %he
mass of the piston. Heavlier pistons will possess greatsar

erafore, the extrusion

oy

inertia and ar= harder to stop; ¢

= ;] = - -
distance 1s grsater, Larze =2

distances =z

r
1]

rusion

~
(r

T

undesirable for two r=2asons. First, the piston is difficult
to remove, which lnczeases the turan-around time for a shot;
and secondly, pieces of the piston mav be launched down-
range where thev cculd cause damage t92 the free-flight
range. What these rasults indicate is that lighter pistoas

zz .2

[

may be wused to achisevs the desired projectila m

. . - o - )
tni=ial nhellum prassur2 has considerasle 2Ifact on tae =4
Rt

projectile velocitvy., The lower the value of the initial e
ALY

; i ; ; . ; RS

helium pr2ssure, the higher the projectile velocity. The 3;3:
» ‘. [}

reason for this i{s twofold. First, the lower initial 3}5
SN

Ny

. . . \.N

pressure proaduces a larjer pumping rate (eguation (4.1))., -

which results In hizher projectile base pressures. Second,

»
.
‘v
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- & ' l."“'
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the compra2ssion ratio is higher for lower wvalues 2f ini=z!l

[

nelium pra2ssurs, This resulcs in hizner z3s tszmoerzzirses
wnich also serves to increase performanc=2. The resul.t of

hi

[T9]

n

1]

r projectile base pressures at lower inlizial nellizm

-

r igura 22 Incicatas thsc

(1)

L8]

S

n
[

r2s is shown in figure 2:Z.

'a

low values of initial helium pra2ssurss, in ccnjunction wi:cih
high mass projectiles, may produce dangerously high helium

t nar«iz of the

=R

orassur=2s, due t> largye pumping T ang

i1
{1

orojectile. The effscts of the initial helium pressur=s on

the piston extrusion distance are presented in figurs 24.

[Ye]

1

According to the model pradictions, high levals of helium
gas pressures will result in a mass of helium which is
greater than the shot requires, Thé effact of this is that
the piston rebounds off the cushion of the "extra"™ helium
gas and travels back toward the breech of the gun befare

ultimately coming to rest in the transition sectioa.

The effects of variations in the prsssur2 2t wnich the

dispnragm falils are shown in figuraes 23 thrsugh 27, Tigure
23 indizaz2s that the proj=ecszila vwelodcizy 15 r=lz2zivaly

insensitive to the prassura 3z wnich tae 2:3zarazm falls,

especially for heavy projectiles. Th:is r2zul% 15 50, basad
on the fallowing factors: At low diazpnragm £ai..x2
pressures, the initial base pressure oa the projectil=2 1S

low, and the inertia of the model is the dominating factor.
At high diaphragm failure pressures, the initial base
Dressure is hiqgh, and the inertia of the model is overcome

more easily. Throughout a range of diaphragm fa:lure
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Dressures, these two factors "balance" out during ths
launching of the projectile due to the affact of the pumszsiag

rate. This behavior produc«s little change in the projectile
muzzle velocity, Figure 26 indicates that low projeczila
casa pressures can be achieved with low diaphracgm Zfziiars
prassuras. Lower diaphragm failure pressurss result in a
lower 1initial pumping rate (equation (4.1)), and this
accounts for the lower projectils base pressurss. As :the
diapnragm failure pressure is decreased, the average helium
pressure generated during the compression will also
decrease. This results in greatsr extrusion distances
(figure 27) since the helium gas is the primary contributor
in the deceleration of the piston. A batch of identical
diaphragms will invariaboly fail at differeat pressur=as.
These results indicate that shot repeatability will not bde

linked to the failure pressure of the diaphragm.

[\
"
1]

The effects of varying the mass of the projectilse

shcwn i Ifiz2iras 29 through 3.

efiacc 2I wvzzriliztidas 1a the Droslsztil2 mMmass 2n 02
orojeczil2 valocity., As wcoculd Be 2xzect23i, Zhe lawer Ine

the eas:2r 1% 135 acceierated, A lightar pro

YV

have greatsr motlion in the initial stages of the launching,
and this results ina mora raoid expansion of the helium 335
whizh, in turn, produces lower projectile base pressur2s

(fi3ure 29). As a result of lower helium prassures, DL3%30
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decelaration by the helium is not as graat; ther=2foras, the 3}4
Diston entars the transision section at higher velzscizias ;{?;
LSSt

P I. '

, . . . Y

and is harder to bring to rest. This results in greatar SRS

extrusion distances (figqurs 349). S

The final i{nitial parametar wnich can be varied =

o
O

0
¥
M
m
-
<]
or
5]
(17
v

achievea the desired gun performance is the pras
launch tube. The gas gun which is being modeled has a2 cover )
assembly which may be placad over the end of the
tube. This allows for the alr in the launch tube to be T
evacuated by means of & vacuum pumop. The effecis of varying
the pra2ssure ia the launch tube ars shcwn in figuzr=s Il

through .33. Variatioms in the launch tube pressure hava N

negligible influence on the projectile velocity (figure 31), o
. .
the projectile maximum base pressure (figqure 32), and the -

N,

piston extrusion distance (figure 33). These r=2sults imoly ,;‘
that minimal improvements in performance are obtained £rom

the time and effort invested in the procedurs of evacuating Q:

- - —~ 1 = - 3. - PR - - - s - =
ta.3 cZmoleces the AQaLlscusslon cn &2 2 22 Tn2 2SS

Wwnich wera obtained. The conclusiosons and -
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ar2 prasancs< in the following chaotar,
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CONCLUSIONS AND RECOMMENDATIONS

From the r2sults prasentad in table 2, predicted muzzle
velocities show good agr2ement with the actual data, with
the largest percent error being -11.67%. The predicted

n

(as

oiston extrusion distznces do not corralate as well, wi
the largest percent error being -71.82 3. However, based on
the order of magnitude of the figures, the predictions show
the general trends. 11t is concluded, thersfore, that the
current mathematical model can be used as a tool in the
prediction of the performance of a two-stage light gas gun,
which incorporates a deformable piston, for modest levels of
gun performance. The absance of experimental data at high
levels of performance prohibits an evaluation of the

2fisctziveness of the model over a wide range of velocities.
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In order to5 imorove the accuracy ané 2ifactivaness of
tne prasent model over a wider range of gun performance, It
is recommended that the f5llowing enhancements be carri=d
out: The pressure distribution between the piston and the
projectile should be defined. The r=2al gas effects of the
light gas should be included. The compressibility and

viscous effects of the polyproiovlux piston in the axtrusinn
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Table 2. Comparison of model predictions with actual gun
data.

SHOT NO. 1 2 3 4 5
POWDER CHARGE (grams) 600 | 1250 700 650 760
PISTON MASS (grams) 3175 | 5625 | 3400 | 2508| 3401
HELIUM PRESS. (psi) 2089 ‘ 259 2002 200 300
DIAPHRAGM PRESS. (psi) | 12003 :12099 12000 | 6006 12000
PROJECTILE MASS (grams) || 68 i 30 55 | 60 50
BARREL PRESS. (psi) 8 ‘ ) 5 ea ) ¢
MUZZLE VELOCITY (ft/s) 7800 |113ee | 9600 | 9898| 9500
PREDICTED VEL. (ft/s) 8188 i12496 9636, 8565, 8918
¥ ERROR IN VEL. PRED. 3.95 [10.85 |-1.67:-11.67, -6.12
EXTRUSION DIST. (in.) 6.85 | 30.85 | = . 3.43
PREDICTED EXT. (in.) 1.93 | 34.34 [16.91| 7.65| 2.55
% ERROR IN EXT. PRED. ||-71.82 |[11.31 | N/a N/A |-25.55

- No measurement taken
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Calculation of Fluid Propertiec
in the Pump Tube of a
Two-Stage Licht Gas Gun

ABSTRACT

An enhancement for 2 microprocessor-based program for performarce
estimation of a two-stage light gas gun with deformable pistcn has been
developed. The procedure uses an explicit finite-difference algorithm for
the numerical solution of the gasdynamic equations in the pump tube region
between piston face and projectile base during the firinc cycle of the gun.
A virijal-type equation of state is used to model the real gas prcoperties of
the 1ight gas. An adaptive grid generation system which accounts for
moving end boundaries provides sufficient computational accuracy to permit
determination of longitudinal property gradients in the pump tube, thus
alleviating one of the shortccmings of the Patin mocdel. To date the grid
generation and equaticn solution algorithms have been developed. The real
gas equation of state has not yet been included in the analysis, and the
entire routine has not yet been incorpcrated into the performance predic-
tion program for the gun.
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OBJECTIVES

The primary objective of this research is <o develop a ccmputer
program which will determine the gas dynamics for an internai flcw “ield.
The program wiil cilcuiate fluid proper=ies ac a function o< spacz inc o~
<ime for a guasi-one-dimensionai, compreszibie, and invicscid flow 97 3 rez]
gas. Gas property distributions will be derived for a flow field with
moving boundaries and a change of area. All computations will be performed
using 31 personal cocmputer, name'y “he Zenizh 7-100. The Zenizh I-1C0 was
chosen because it was readily available and it woulc keep computaticnal
expenses at a minimum,

The main applicaticn for the computar program wil! be to determine zZas

property distributions in the second stage of a two-stage light-aas
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ANALYSIS AND METHOD QF SOLUTION

The flow may be considered as a quasi-one-dimensional flow of an
inviscid and compressible fluid moving through a tube. The tube has a
variable cross sectional area and the longitudinal boundaries move at
different rates. The fluid will be treated as a real gas since high
temperatures and pressures may exist in the tube. The results will be
compared to results obtained by using ideal gas and uniform field assump-
tions.

The equations for the flow are the one-dimensional conservation equa-
tions for mass, momentum, and energy. The differential forms of the
conservation equations are as follows:

CONSERVATION OF MASS

(Pu’) = © (2)

CONSERVATION OF ENERGY

Je o | oA
+ 2 (e + wu + — == (Ue+up)=0O (3)
>t *ax( PP+ a2 axC )
The variables in the above equations are:
p - the mass per unit volume
u - the velocity in the axia) direction

t- time

TP UV U VN VSN Y FANLAEYRURGURUEFIRM TN T YT T 8T R




X - the axjal position
' A - the cross sectional area of the tube N

P - pressure »
”

l'
Y
'

. © - the total energy per unit volume
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The total energy, e, can be expressed as: RNTRIN
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y is the specific heat ratio, Cv is the specific heat at constant
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v
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M

volume, and T is the temperature. An appropriate equation of state for the
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gas is the Harrison real gas equation which is a fourth order equation

x
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based on empirical coefficients. The Harrison model] is given by:
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P= eRT[1+8B(Mgp+ C(T)eg*+D(T)p*] (5)
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where R is the gas ccrstant and B(T), C(T), ard D(T) are the empirical

s

coefficients.

‘;

In order to obtain the propertv distribution in the gas, Equations (1) ERNy

through (5) are usec¢ alcng with the positicns of the two Tongitudiral vf{jﬁﬂ
o

P A

G5E

&5
I- x

boundaries. A moving grid must be established to move with the longi-

! tudinal boundaries, and numerical methods are used to integrate the conser-

»

. Ut Y W
4

'
['¢

vation equations. The conservation equations are integrated using a

5 %"

finite-different method. The finite-difference representations for the
partial differential equations are obtained using the MacCormack explicit
two-level algorithm®. An explicit scheme uses past and present information

to obtain future information. The two-level finite-difference method uses
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backward ditTerence, and the corrector step uses a

a predictor step and then a corrector step.
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predictor and corrector equations are as follows:
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The variables in the above equations are:

space index

J

time index

2]
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Wats
. e
a4 Xt - forward change in x )
: PO
AX" - backward change in x :js.i‘-:::
) e d
) To effect a solution, the predictor variables are determined. The EE ”et'
¥ "o
; corrector variables are then determined using the results obtained from the )
i .:"._".'
K predictor calculations. Once the corrector values have been determined RS
: .
. they may be combined with the equation of state to determine the gas :::;;{
Y properties at the corresponding position in the flow field. This is LT

; repeated for each grid point. When the time index is increased from "n" to
"n+1", the spacial grid translates and changes in overall length due to the
moving boundaries. The corrector values for time "n" must be determined
for the new grid by interpolation. New predictor and corrector values are

. then determined for the new time, and the entire process is repeated for

the desired number of time intervals.
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5 GRID GEMERATION
v The grid is partitioned using the positions of the pistcn and the pro-

jectile as endpoints. The entire grid moves as the piston and projectile

move. The length of the grid also changes since the velocity of the piston

Yy
a

Sl

will be different from that of the projectile. As the grid moves, it must
be adjusted so that a grid point coincides with both the beginning of the
transition section and the end of the transition section. This divides the

total grid into three zones with each zone having its own grid spacing.

o yy>
e Ty

The initial grid is set up by dividing the total length between the

piston and projectile into the desired number of equal grid spaces. The

L S,

uniform grid spacing is determined using the following equation:

L - -
GS - N'IG" = X‘/NGXI (12,
where
65 - grid spacing
X1 - piston position
X4 - projectile pesition
LT - overall ¢rid length
NG - number of crid points

The grid is cubdivided into three sections so that a grid point will
be located at the beginning and at the end of the transition section. The =
grid must be divided into three zones due to the sudden area changes at the
beginning and at the end of the transition section. This is accomplished -‘-&\

by moving the grid points near the ends of the transition section either

left or right. The four cases that need to be considered are listed with .
Figure 3. \
.:\
e
NN
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As an example of how the grid points are shifted and how the adjusted

grid is then generated consider the second case (see Fig. 3). In case two

grid point nine is shifted to the right so that it is in position A, which

'y
e ]
-
[
.

AR

is the beginning of the transition section. Grid pecint thirteer is shifted

P
[d

¢
NN

¢

50

VAN N P
R

e

to the left so that it is in position B, which is the end of the transition

P

%!
vl s
YAARASNS

LY

"
&"

section. The overall grid is now divided into three zones. The first zone

extends from the piston to position A. The second zone is the region

between position A and position B. The third zone extends from position E

to the projectile. A separate grid must be created for each of the three

zones. The grid spacing for zone one is determined as follows: E£i£:£

S

661 - kL _ Xx2-Xx1 (13) NN
G1 NG1 )

GS1 - grid spacing in zone one
. > > .
X1 - piston position C T
X2 - position of beginning of transition section “ae
) .-'\':-::.r‘
L1l - length o zone one RRRRLY
A N
NG] - rurber of grid points in zone one ! s
e
RS
The number of gric points in zcne one is found as follcws: ;\}\$:
roave
A
':'\‘:-Jr'
oA
NG1 = Integer Porti f L1 v
= eger Portion o
GS (13) e -

where
L1 - length of zone one
GS - original grid spacing
The grid spacing for zone three is determined next using the same

method with the following equations:
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(15)

X4~-Xx3
NG 3

L3
NG3

653 =

(16)

where

6S3- grid spacing in zgne three

X3 - position of end of transition section

X4 - projectile position

N63 - number of grid points in zone three

L3 - length of zone three

GS - original grid spacing

The grid spacing for zone two is determined using the following

equations:

(17)

_ L2 _ Xx3-X2
NGZ2 -~ N6z

6s2

—

<«

- NG3

NG2 = NG - NGI

where

6S2- grid spacing for zorne two

X2 - position of beginning of transition section

X3 - position of end of transition section

L2 - length of zone two

N62- number of grid points in zone two

NG - number of grid points in original grid

NG1- number of grid points in zone one

LI PN

NG3- number of grid points in zone three

.
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The modified grid is shown in Figure 4.

A similar procedure is used for each of the other cases listed with

Figure 3. The equations for GS1, GS2, and GS3 are the same for all cases.

‘.'~1~
p I

AKX
5

The eauations for NG1, NG2, and NG3 are different for each case. The

":A,‘l;
N\

&
.il'l'

2

equations for all four cases are listed below.

r
Py

Ve
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[ 3

oLt X2- X1
Y X3 - X2
652= Fe2 NG 2 (20) | n
AN
RANANLE
L3 X4 = X3 AN
633=53 NG3 (21) N
NN
'\ vy
CASE 1 A
) L1 RO
NGT = Integer( GS > (22) '.:::.:::‘.:-_-'
RN
!
NG2 = NG - NGI - NG3 (23) RERON
e
P\..\.b
L3 e
NG3 = Integer( G ) + 1 (24) ;.x‘:--‘::'f
CASE 2 :
L1
NGT = Inte
) ger( GS) (25)
"
NG2 = NG - NG1 - NG3 (26) 3
:
L
NG3 = Integer( L3 ) (27) ] o
G 5 :;'\ NG\
RN
CASE 3 NN

f’
L4
a

NG1 = Integer( L1
GS

S
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. .’&
s

n
!
.
.
.
.




ol 0o tal tal Vol t ot ake Ate fiFe A% Bte Sha B's B - A

:
N
5
NG2 = NG - NG - NG3 (29)
- L3
NG3 = Integer(GS ) (30)
CASE 4
L1
NGl = Integer'(65 ) + 1 (31)
NG2 = NG - NG - NG3 (32)
. L3 “.ﬂ:‘_r:".
NG3 = Integer(GS ) + 1 (33) T
—’.'
',\
Once a grid is set up, the initial fluid properties are assigned to s
the grid points. At time equal to zero the fluid properties will be ;ﬁ
-.‘*
uniform throughout the entire flow field. The fluid velocity will alsc be -
D
equal to zero. The initial temperature and pressure of the fluid will also -
be known. The initial density can be determined using the equation of <
state (Equation 4) and iterating. Since the temperature is known the e
ccefficients for Equation (5) can be cbtained frcm a table of coefficients. .

The gas constant, R, is giver as 463€.96 (in 1bf/1bm R) for helium, which

is used in the gas gun. An initial value for the fluid density is assumed

RIS U

-',. R

to begin iterating. A good first guess would be the value obtained using

ideal gas behavior where: AR

P
= —_— 34
P = RrT >

LT 4
S e e
NN

L

The initial guess is plugged into Equation (5) and a pressure is calcuated.

LT

4

The actual pressure is known and the correct density is obtained when ‘he

I N
>

P
N e
.'.‘-'\

@S NNy

-
AN

1.133

P
h %
s e’

(NN

’

[
-
LY

Py

[




YRS

\- \- \h \f\« h!\h \l

X O AN A A A

If the calculated

calculated pressure and the actual pressure match.
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Cp = R(A = bT + cT2 + dT? + eT? )

(36}

Cv =Cp - R

The initial velocity of the fluid will be zero and therefore the

The initial values for density, momentum,
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E DETERMINING FLUID PRCPERTIES AS BQUNDARIES MOVE

E Af+er all initial fluid prcperties have been de‘ermined and assigned

i to the grid coordinates, the time should be incremented by one timestep.

E This will cause the grid to move and the fluid properties to change. New

: values for the predictor and corrector egquaticns have to be calculated for

each of the new grid points.

T U

In order to determine the new predictor and corrector values, the

9
5 fluid properties from the old grid at time "r" must be related to the new
g
. grid at time "n+1". The fluid properties for the new grid are inter-
o polated from the old grid. The interpolation equation is:
” Apt o ”
(#)]2 (#)]- (x7 - X,-n)(f‘%n (o)) (37)
(Xi - x.in)
where

)
]

property value for given time and space index

x
'

axial position of grid point
n - time index
J - space index
A problem arises when *he last grid point of the new grid is reached.
The interpolaticn equation requires that the old property value for posi-

tion "j+1" be known to solve for a new value for position "j". When the

end of the new grid becomes position "j", there is no value for the 0ld
position "j+1". To obtain a solution for the endpoint of the new grid, a
value is determined by extrapolation using values from the new grid. The

extrapolation equation is:

el (0T = T X5 (3¢)
s (X =x2)

. v
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where
(%) - property velue
X - axial position
J - space index
N - time irdex

Figure 5 shows how the grid is rezoned.

The new grid with fluid properties from time "n
The fluid properties for the current time, "n+1", are now determined using
Equations (4) through (11) and Ecuations (35) and (36). The predictor
equations are solved first, starting with the seccend grid point. The pre-
dictor values are determined for all grid points except the first point
since the predictor equations rely on the values from the previous grid
point. The predictor eauations cannot be evaluated at the first point
since there is not point preceding it. The predictor values for the first

point are determined by extrapolation using the second and third points.

The extrapolation equation is:

(#2-43)(X1~x2)

‘1)
A (X2 - x3)

H
—
)

LYY

(#1) - prelictor value at point ore
(»2) - predictcr value at point two
(#3) - predictor value at peint three
X1 - axial position of point one
X2 - axial position of point two

X3

axial positior of point three

The corrector values are now determined for all grid points except the
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last point. The values for the last point cannot be determined using the
correcsor equations since they rely on the values of “j+1" which does rot
exist when the endpoint is at "j". The corrector values for the last grid
point are determined by extrapoiation using Eouatior (38) where "*" denotes
the correcter values. The corrector values are the density, momentum, ard
energy of the fluid ac the corresponding grid points.

The temperature and pressure of the fluid at each grid point can be
calculated using the corrector values and Equation (4), (35), and (36).

The velocity of the fluid at each point can be determined from the momentum
equation since the density is known.

“ -z (40)
Using Equations (4), (35), and (36) simultaneously, the temperature may be
calculated. An iterative process will be necessary since Cv is unknown. A
value for the temperature is assumed and Eauation (35) is solved to get a
value for the specific heat at constant pressure, Cp. Equation (36) is
then solved to get a value for Cv, The values for Cv and temperature are
then used in Equation (4) to obtain an energy value. If the energv just
calculated does not match the actual energy, a new temperature cuess must
be tried. Once the correct temperature has been determired, the equation
of state {Eauation 4) can be used to determine the pressure. After the
temperatures and pressures have been calculated for each grid point, the
time is incremented and a new grid is generated. The entire process is

repeated for the new grid and all successive grid until the desired amount

of time has elapsed.
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STATUS OF PRCJECT

Work has bequn on a computer program which will calculate the fluid

properties in the flow field. The program is being written in a modular
fermat. Each portion of the program is being written as a separate module
or subroutine.

The grid module generates a grid based on the positions of the two
longitudirai flow boundaries and anv abrupt area changes in the tube in
which the gas is flowing. For the gas aun problem the moving boundaries
are the pistcn and the prcjectile faces. The abrupt area changes occur at
the beginning and ending of the transition section of the pump tube (see
Figure 1). A grid point is required to line up with both, the beginning
point and the ending point of the transition section, due to the abrupt
area changes. This is accomplished by shifting grid points to make them
lTine up with the desired points of the gas gun. The grid is then composed
of three regions or zones. The grid is then composed of three regions or
zones. The grid points are shifted in a manner which keeps the grid
spacing as uniform as possible. At this time the grid module is complete
excent for the cases when the piston reaches the beginning ¢f the transi-
tion section and during piston extraction.

The second module of the procram caiculates values for the predictor
equations. This module calcuiates predic*or values at all grid pcints

except at the piston and projectile. A simple extrapolation routine needs .

S
to be added to obtain values at those points. o
Some work has been done on the corrector module. It will calculate "
corrector values and it will be similar to the predictor module. ,
A separate routine will be written to evaluate the equation of state.
Since the ccefficients in the equation of state are determined empirically, U
B R A
“:J\.-'
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There will also be a module which will calculate the flow properties
A separate module for plotting the various fluid
Several grid generation examples are included with the

A listing of the portion of the program completed to date is included

a table of coefficients will have to be included as part of the program.

properties versus time and position will also be included.

and store them on a disk.
in the appendix.
program listing.
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COMPLETION OF PROJECT
The proposal submitted to SCEEE preceding the award of this subcontract called

for a deliverable in the form of a finite difference code for the flow field be-
tween the piston face and the projectile base. At the present time that code is
not in production form. However, the code will be completed and delivered in
compliance with the subcontract without further expenditure of the contract funds.
This delivery will take place in May, 1986.

The following parts of the subject code have been completed.

1. Grid generation scheme which apportions computational space according to
piston and projectile dynamics.

2. The predictor portion of the MacCormack two-level explicit finite dif-
ference code for the solution of the equations of fluid motion in the
solution space. The corrector code is complete but nbt operational.

These routines are currently written to perform computations with a specified

set of dynamics rather than interacting with the dynamics generation program. This
approach was taken because it was felt that the detailed finite difference cal-
culations might slow down the analysis program excessively, particularly with the
real gas equations included in the analysis.

Tnhe following parts of the code have notl yet been complieted:

1. Coding and inclusion of the Harrison real gas model procedure into the
simulation,

2. Incorporation of all modification in to the basic performance estimation
program,

When the above tasks have been compieted, the performance of the program will

be determined. The effort here is not only to determine the
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important effects of property gradients and a real gas model of the pump
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tube flow, but also to include these effects in the performance estimaticn
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program without compromising the rapid, on-site analysis and test design
capabilities of the basic program. If the finite difference calcuiations
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censume excessive time, then another approximating procedure may be

B
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required. At any rate, a thorough study of these effects, not possible
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under the current contract time limitations, will be completed and sub-
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'3 CONCLUSIONS
2.
i: A microcomputer-based program for the rapid determination of two-stage
2,
light gas gun performance has been developed. Gun geometry, propellant,
. NN
:: driving gas and pisten and projectile characteristics can be coded into the Z{;:ji
"\' '--‘_l-‘.lx
ﬁQ program easily, making it adaptable to most gun configurations. The shot fuf\;:
hes N
conditions are entered interactively, and the program output is normally e f
N A
~7 routed to the screen for quick review. The program computes gas proper- ﬁi,;;
G _-“_ e
:: ties, piston motion and projectile motion during the firing cycie, thus qu;;-
L~ RS
By LS
e permitting parametric studies for optimizing test design. A parallel set SRS,
:j of subroutines has also been prepared to allow for assessment of real gas ;?ﬂ:
- o0
;(: effects in the light gas and the determination of property variations in ;:,
8 .
~ .
R the second stage of the gun. These latter procedures have not yet been -,},‘
o thoroughly tested to determine their utility in on-line calculations. A
v e e
}ﬁ thorough study of these effects and a suitable procedure for incorporating RIS
" R
~ them into the performance analysis program will be completed in May of SR
. 1986.
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Appendix A contains a listing of the completed pertior o
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program written in the computer language of BASIC which will calculate

Several

light gas gqun,

-stage

fluid properties in the pump tube of a two
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